In most insect species, juvenile hormones regulate critical physiological processes such as metamorphosis and reproduction. In insects, these sesquiterpenoids are synthesized by retrocerebral endocrine organs, the corpora allata, via the classical mevalonate (MVA) pathway. One of these compounds, juvenile hormone III (JH III), has also been identified in the sedge Cyperus iria. In higher plants, biosynthesis of the sesquiterpenoid backbone may proceed through two distinct pathways: the MVA pathway or the 2C-methyl erythritol 4-phosphate pathway or through a combination of both pathways. Cell suspension cultures of C. iria were used to elucidate the biosynthetic pathway of JH III in the plant. Enzyme inhibition and labeling studies conclusively demonstrated that the biosynthesis of the sesquiterpenoid backbone of JH III proceeds via the MVA pathway. Inhibitor and precursor feeding studies also suggest that later steps of JH III biosynthesis in C. iria are similar to the insect pathway and that the final enzymatic reaction in JH III biosynthesis is catalyzed by a cytochrome P 450 monooxygenase.
Juvenile hormones are a group of structurally related sesquiterpenoids that regulate critical physiological processes including metamorphosis and reproduction in most insect species (Gilbert et al., 1996) . Juvenile hormone III (JH III), methyl-10R,11-epoxy-3,7,11-trimethyl-2E,6E-dodecadienoate, has also been identified in the sedge Cyperus iria (Toong et al., 1988) .
The presence of an insect hormone and its high levels in C. iria throughout development suggest that this compound may play a role in protection of the plant against insect herbivory (Toong et al., 1988; Bede et al., 1999a) . However, there is no evidence that JH III functions as a feeding deterrent. Therefore, any antiherbivory activity would arise from its ability to interfere with insect development. In two laboratory studies, contact of insects with C. iria effectively disrupted development (Toong et al., 1988; Schwartz et al., 1998) . These effects were attributed to the JH III content of the plant. However, conclusive evidence that this hormone protects C. iria against insect herbivory has not yet been demonstrated. We have proposed alternatively that JH III may function as an allelopathic agent in C. iria (Bede and Tobe, 2000) . This plant species is an extremely invasive weed, responsible for economic losses in many important crops such as rice (Oryza sativa; Holm et al., 1977; Catling, 1992) . Treatment of seeds with JH III delays lettuce (Lactuca sativa) seed germination and inhibits shoot growth of rice seedlings (Bede and Tobe, 2000) . Therefore, it is possible that this compound confers an ecological advantage to C. iria by leaching from the roots, in which the highest levels are localized, into the immediate environment and affecting the germination and growth of neighboring competing plant species.
Temporal and spatial changes in JH III levels are observed in C. iria throughout development (Bede et al., 1999a) . JH III levels increased in the immature seedlings until flowering, at which time a transitory decrease in JH III content of all tissues was observed. In mature plants, JH III levels again increased. As the aerial tissues became senescent, the JH III levels in these tissues declined. This decrease was not observed in the root tissue, which contains the highest levels of JH III in C. iria. These dynamic fluctuations of JH III levels suggest that there is active biosynthesis, catabolism, and perhaps transport of this compound in the plant.
Elucidation of the JH III biosynthetic pathway in C. iria would permit investigation of its localization and metabolic regulation in the plant. Changes in gene expression and enzyme levels or activity then could be determined over development and in response to biotic stimuli such as wounding or insect herbivory. In insects, JH III is biosynthesized in retrocerebral endocrine organs, the corpora allata (CA; Tobe and Stay, 1985) . The sesquiterpenoid skeleton of this com-pound is formed in the cockroach (Diploptera punctata) through the mevalonate (MVA) pathway ( Fig. 1 ; Feyereisen et al., 1981) . The regulatory enzyme, HMG-CoA reductase, which catalyzes the irreversible conversion of HMG-CoA to MVA, is thought to be rate limiting in this pathway (Monger, 1985) , although its regulatory importance in JH III biosynthesis in the cockroach recently has been questioned (Sutherland and Feyereisen, 1996) . MVA undergoes three phosphorylations (net two) and a decarboxylation to generate the isoprene intermediate, isopentenyl diphosphate (IPP; 5C). Covalent linkages of IPP and its isomer, dimethyl allyl diphosphate, form the prenyl diphosphate intermediates that give rise to monoterpenes (10C), sesquiterpenes (15C), diterpenes (20C), and sterols. Insects lack the enzymes to synthesize higher terpenoids and JH III is synthesized from the 15-carbon farnesyl diphosphate (FPP; Svoboda et al., 1975) .
The alcohol farnesol, generated by the removal of pyrophosphate from FPP, undergoes oxidation to the aldehyde (farnesal) and then to the acid (farnesoic acid; Fig. 2 ). These steps are catalyzed by one or two NAD ϩ -dependent dehydrogenase(s) (Baker et al., 1983) . In the cockroach, methylation of farnesoic acid by an S-adenosyl-Met-dependent methyl transferase is followed by epoxidation between C10 and C11 to produce JH III (Schooley and Baker, 1985; Cusson et al., 1991; Cusson and Palli, 2000) .
This pathway, or variations of it, occurs in other insect species. The ethyl branches of the higher JH homologs found in the Lepidoptera are derived from iso-Leu and Val, which are first metabolized to propionate and incorporated, instead of acetate, in the early steps of biosynthesis (Brindle et al., 1987 (Brindle et al., , 1992 . The sequence of the final steps of JH biosynthesis may also be different. In the CA of some Lepidopteran species, epoxidation of farnesoic acid to JH acid occurs before final methylation (Fig. 2; Law, 1981; Schooley and Baker, 1985; Cusson et al., 1991) . Prepupal stages of the tobacco hornworm (Manduca sexta) and adult males of the silkworm (Hyalophora cecropia) also synthesize JH acids in the CA but release these compounds into the hemolymph, where they then undergo methylation in the imaginal discs or accessory sex glands, respectively (Peter et al., 1981; Sparagana et al., 1985) .
In plants, terpenoids may be biosynthesized either through the classical MVA pathway or the 2C-methyl erythritol 4-phosphate (MEP) pathway (Liechtenthaler, 1999) . This second pathway has been characterized in bacteria, algae, and recently in plastids of higher plants (Rohmer et al., 1993; Bach, 1995; Eisenreich et al., 1996) . In this alternate path- way, a pyruvate-derived, thiamine-activated acetaldehyde undergoes a transketolase-type reaction with glyceraldehyde 3-phosphate to generate 1-deoxy-d-xylulose-5-phosphate (DOXP; Fig. 1 ; Lichtenthaler et al., 1997) . This compound undergoes intramolecular isomerization and reduction to form MEP that after a series of biosynthetic steps generates the 5C isoprene unit, IPP. It is assumed that there is separate compartmentalization of these two pathways and sesquiterpenes, triterpenes, and sterols are biosynthesized through the cytosolic MVA pathway whereas monoterpenes, diterpenes, and tetraterpenes are synthesized through the plastidic MEP pathway.
Characterization of terpenoid biosynthesis is further complicated by recent evidence of limited interchange of isoprene intermediates between these two pathways (Lichtenthaler, 1999; Rohmer, 1999) . In chamomile (Matricaria recutita), labeling studies indicate that the first two C5 subunits of the sesquiterpene bisaboloxide A are biosynthesized through the MEP pathway whereas the last C5 unit is derived from either the MEP or MVA pathway (Adam and Zapp, 1998) . Therefore, either isoprene subunits are able to traverse the thylakoid membrane or both pathways are localized in the same compartment. In the lima bean (Phaseolus lunatus), the volatile terpenoid, 4,8-dimethylnona-1,3,7-triene (DMNT), is synthesized de novo following treatment of freshly cut plantlets with the elicitor jasmonic acid (Piel et al., 1998) . Labeling studies with deuterated intermediates demonstrated that jasmonic acid-induced DMNT is synthesized through the MVA pathway. However, if the MVA pathway is inhibited by mevastatin or cervastatin, labeled precursors can be incorporated into DMNT through the MEP pathway. The authors suggest that this flexibility allows the plant to increase the quantity of IPP precursors necessary for the biosynthesis of DMNT or defensive molecules, such as phytoalexins, during times of stress, such as herbivore or pathogen attack. It is unknown which of these pathways (or both) contribute to the sesquiterpenoid skeleton of JH III in C. iria.
Intermediates from the later steps of the insect biosynthetic pathway of JH III have been isolated from C. iria and related sedges. For example, methyl farnesoate, the immediate biosynthetic precursor to JH III in insects (Fig. 2) , has been identified in C. iria, Cyperus microiria Steud, Cyperus monophyllus Vahl., Cyperus pilosus Vahl., and Cyperus serotinus Rottb. (Iwamura et al., 1978a (Iwamura et al., , 1978b (Iwamura et al., , 1978c Iwamura et al., 1979; Komai et al., 1981; Toong et al., 1988) . Another biosynthetic intermediate, farnesol (Fig. 2) , has also been isolated from the last four plant species (Iwamura et al., 1978a (Iwamura et al., , 1978c Iwamura, 1979; Komai et al., 1981) . The presence of these intermediates in both plants and insects suggests that the late steps of JH III biosynthesis are similar.
C. iria suspension cultures provide a relatively homogeneous biomass that can be experimentally manipulated under defined, controlled conditions, allowing the investigation of JH III biosynthesis (Bede et al., 1999b) . Preliminary investigations of the biosynthesis of the sesquiterpenoid backbone of JH III were conducted through enzyme inhibition studies using the fungal metabolite mevinolin, a potent inhibitor of the MVA pathway, and fosmidomycin, an inhibitor of DOXP reductoisomerase in the MEP pathway, and labeling studies with [1-13 C]Glc (Fig. 1) . Elucidation of the later steps of the biosynthetic pathway were investigated through precursor feeding studies using intermediates of the insect JH III biosynthetic pathway.
RESULTS

JH III Accumulation in C. iria Cell Suspension Cultures
Typical cell growth was observed in the suspension cultures ( Fig. 3A) . At subculturing, cells are introduced into new medium (d 0). After a brief lag phase In general, biosynthesis and accumulation of secondary metabolites in cell suspension cultures occur during the stationary phase (Charlwood and Charlwood, 1991; Banthorpe, 1994) . During the exponential and linear phases, the carbon flux is directed toward primary metabolites necessary for growth. As cells enter the stationary phase, biomass production declines and production of secondary metabolites is often observed. As predicted, the level of JH III sharply declined as C. iria suspension cultures entered the growth stage (Fig. 3B ). Total JH concentration decreased as cells entered the exponential growth phase and then steadily increased during the linear phase to its highest level in d-17 cultures. As the cells entered the progressive deceleration phase, a decrease in JH III was observed but the concentration of this compound again increased during the stationary phase. The time course of JH III accumulation illustrates temporal fluctuations of this compound in the suspension cultures. To account for these changes, there must be cellular synthesis, transport, release into the medium, and degradation, either intra-or extracellularly or both.
The high concentration of JH III detected in d-0 suspension cultures was surprising. On d 18, suspension cells are subcultured into new medium at approximately a 1:30 dilution and JH III extracted 2 h later. The JH III detected in these suspension cultures was over 20 times the amount expected, considering dilution. Therefore, this is not residual JH III produced in the d-18 cultures and introduced into the new medium, but rather must represent predominantly newly biosynthesized compound. This stimulation of synthesis may be attributable to the introduction of cells to new nutrients or to the stress of subculturing on the suspension culture. This time point was selected for further biochemical studies as it represents a period of high rates of JH III biosynthesis and low rates of degradation.
Biosynthesis of the Sesquiterpenoid Backbone
HMG-CoA reductase (E.C. 1.1.1.34), an important regulatory enzyme in the classical MVA pathway, catalyzes the formation of MVA from HMG-CoA ( Fig. 1 ; Stermer et al., 1994; Chappell et al., 1995) . The fungal metabolite mevinolin is a potent competitive inhibitor of this enzyme ( Fig. 1 ; Bach et al., 1990) ; treatment of tobacco (Nicotiana tabacum L. cv BY-2) suspension cultures with low concentrations of mevinolin (10-30 m) inhibited the MVA pathway as observed through a reduction in the incorporation of [ 14 C]acetate into free sterols (Vö geli and Chappell, 1991) . In vitro, microsomal HMG-CoA reductase activity was inhibited by over 90% in the presence of 3 m mevinolin. However, in these tobacco cell cultures, higher mevinolin concentrations (100 m) also inhibited the activity of sesquiterpene cyclase, which catalyzes the first step in the formation of cyclic sesquiterpenoids (Vö geli and Chappell, 1991) .
Treatment of C. iria suspension cultures with mevinolin (50 m) did not affect cell growth at the concentrations tested (P ϭ 0.911). However, Ͼ85% of JH III production was inhibited in the presence of 10 or 50 m mevinolin (Fig. 4) . To demonstrate that this effect was attributable to the specific inhibition of HMG-CoA reductase, the product of this enzymatic reaction, MVA, was added to mevinolin-treated cell suspension cultures. JH III production was restored (Fig. 5) , confirming that biosynthesis of the terpenoid skeleton of JH III proceeds, at least partially, through the MVA pathway in C. iria.
The MEP pathway is responsible for the biosynthesis of plastid isoprenoids, such as carotenoids and the prenyl side chains of chlorophyll (Lichtenthaler, 1999) . The rate-limiting step of this pathway, the conversion of DOXP to MEP, is catalyzed by DOXP reductoisomerase (Lange and Croteau, 1999;  Fig. 1) . Treatment of C. iria suspension cultures with fos- midomycin (0.5 mm), a potent inhibitor of this enzyme and thereby plastid isoprenoid biosynthesis ( Fig. 1 ; Kuzuyama et al., 1998; Zeidler et al., 1998) , did not affect cell growth (P ϭ 0.407) or JH III production (P ϭ 0.807; data not shown). However, carotenoid levels were significantly depressed (22.3%, Student's t test, P ϭ 0.017) in fosmidomycin-treated cultures (data not shown).
In an elegant series of experiments, Lichtenthaler et al. (1997) 
Biosynthesis of JH III
Treatment of mevinolin-inhibited cell suspension cultures with farnesol, farnesal, farnesoic acid, or methyl farnesoate, all precursors of JH III biosynthesis in insects, significantly increased JH III production (Fig. 5) . Although approximately equimolar amounts of the biosynthetic precursors were added to the suspension cultures, treatment with farnesoic acid resulted in more than a 6-fold increase in JH III production compared with the other compounds. This probably reflects the increased permeability of farnesoic acid to the cells. Controls, such as extraction and RIA analysis of intermediates added to medium alone or to suspension cell cultures in which JH III biosynthesis was inhibited by miconazole, confirmed that only a limited amount (Ͻ26% and Ͻ15%, respectively) of measured JH III production may have resulted from cross reactivity of the antiserum with the added biosynthetic precursors. Addition of JH acid to mevinolin-treated cultures did not significantly increase JH III levels over controls (P ϭ 0.707), suggesting that this biosynthetic intermediate in some Lepidopteran species is not a precursor in the C. iria pathway. An alternative explanation is that this compound was degraded or was unable to enter the cell or compartment in which JH III biosynthesis occurs.
Hemmerlin and Bach (2000) observed that 0.1 mm farnesol was cytotoxic to a particularly sensitive tobacco cell culture. In the present study, addition of MVA lactone, farnesol, farnesal, JH acid, or methyl farnesoate to suspension cultures treated either with mevinolin or miconazole did not significantly affect (Bede and Tobe, 2000) . To determine whether this observation was attributable to the exposure of the cells to farnesoic acid or the resultant JH III, JH III biosynthesis was inhibited by miconazole and then cultures were treated with farnesoic acid. These cultures were viable and there was no significant difference in cell fresh weight between these cells and miconazole-treated control cultures (P ϭ 0.10). Therefore, high levels of JH III appear to be autotoxic to C. iria cells. Similar autotoxicity of JH III was observed in allelopathic studies with C. iria seedlings (Bede and Tobe, 2000) .
The final step in JH III biosynthesis (Orthoptera/ Dictyoptera), the epoxidation of methyl farnesoate, is catalyzed by an NADPH-dependent cytochrome P 450 monooxygenase, methyl farnesoate-reduced flavoprotein: oxygen oxidoreductase (EC 1.14.14.-; Fig.  2 ; Hammock, 1975; Hammock and Mumby, 1978; Feyereisen et al., 1981; Wang et al., 1994) . In C. iria suspension cultures, precursor feeding studies suggest that the JH III biosynthetic pathways in plants and insects are similar. Therefore, it was predicted that the last step of this pathway in C. iria was also catalyzed by a cytochrome P 450 monooxygenase. Three general cytochrome P 450 inhibitors, ancymidol, a pyrimidine derivative, and two N-substituted imidazoles, clotrimazole and miconazole, were added to cell suspension cultures of C. iria. Their proposed mechanism of action is through binding to the heterocyclic nitrogen of the ferric protoheme of the cytochrome P 450 enzyme through a lone pair of electrons, thereby excluding oxygen from the reaction site (Durst, 1991) . Ancymidol, clotrimazole, and miconazole completely inhibited JH III production at the concentrations tested (ancymidol, P ϭ 0.004; clotrimzole, P ϭ 0.004; and miconazole, P ϭ 0.004; data not shown).
These compounds are broad-spectrum cytochrome P 450 inhibitors, exhibiting wide-ranging activities (Durst, 1991) . To demonstrate that these compounds specifically inhibited the putative enzyme that catalyzes the last step in JH III biosynthesis, methyl farnesoate-reduced flavoprotein: oxygen oxidoreductase (methyl farnesoate epoxidase), the immediate biosynthetic precursor, methyl farnesoate, was added to miconazole-inhibited C. iria suspension cultures (Fig. 6) . If the observed reduction in JH III results from general inhibition of cytochrome P 450 enzymes, then addition of methyl farnesoate should "rescue" JH III production. If miconazole specifically inhibits the methyl farnesoate epoxidase, JH III levels will be suppressed.
In the presence of methyl farnesoate (0.18 mm) and low miconazole concentrations (0.25 m), JH III production was stimulated over control levels (Fig. 6 ). This may have resulted from the inhibition of other cytochrome P 450 enzymes by miconazole, such as lanosterol 14␣-demethylase, possibly shunting FPP into JH III biosynthesis and/or alleviating phytosterol feedback inhibition of HMG-CoA reductase (Gupta et al., 1990) , or an enzyme involved in JH III degradation. At higher concentrations of miconazole (12.5 m, 0.18 mm methyl farnesoate), JH III production was inhibited by 83.7%, suggesting that in C. iria, the final step in the biosynthesis of JH III is catalyzed by a cytochrome P 450 monooxygenase.
DISCUSSION
In plants, terpenoids are a diverse class of compounds ranging from photosynthetic pigments (chlorophylls and carotenoids) to defensive molecules (phytoalexins) and growth regulators (gibberellins and abscisic acid [ABA] ). However, despite the identification of over 30,000 isoprenoid compounds, our current knowledge of the regulation of terpenoid biosynthetic pathways in plants is nascent (Bach, 1995; Wink, 1999) . In fact, only recently has the occurrence of two distinct isoprene pathways been described in higher plants (Lichtenthaler, 1999; Rohmer, 1999) : the classical MVA pathway and the MEP pathway. It is assumed that these pathways operate in separate compartments; the MEP pathway responsible for mono-, di-, and tetraterpenoid biosynthesis in the chloroplast and the MVA pathway for sesquiterpenoids, triterpenoids, and sterols in the cytoplasm (Lichtenthaler, 1999) .
Little is known about the biosynthesis of JH III in the sedge, C. iria. In the cockroach, the sesquiterpenoid backbone of JH III is biosynthesized through the classical MVA pathway ( Fig. 1; Cusson et al., 1991) . From the C15 intermediate FPP, removal of the pyrophosphate group generates farnesol (Fig. 2) . This alcohol undergoes sequential oxidation reactions to the aldehyde and then the acid. Methylation of the carboxylic acid produces methyl farnesoate. In the Figure 6 . Effect of the general cytochrome P 450 inhibitor miconazole on JH III levels in C. iria suspension cell cultures. The biosynthetic intermediate methyl farnesoate (0.18 mM) was added to cell suspension cultures containing the general cytochrome P 450 inhibitor, miconazole. Inhibition of JH III production by miconazole suggests that the enzyme that catalyzes the final step of biosynthesis is a methyl farnesoate-reduced flavoprotein: oxygen oxidoreductase (methyl farnesoate epoxidase). JH levels were monitored by RIA and bars represent percent controls (suspension cultures ϩ methyl farnesoate) Ϯ SE.
final step, epoxidation of methyl farnesoate results in the formation of JH III.
To elucidate the biosynthetic pathway of JH III in C. iria, enzyme inhibitor and labeling studies were conducted on cell suspension cultures. Two inhibitors, mevinolin, an inhibitor of HMG-CoA reductase in the MVA pathway, and fosmidomycin, an inhibitor of the DOXP reductoisomerase in the MEP pathway, were used to elucidate the biosynthetic origin of JH III (Fig. 1) . Mevinolin significantly inhibited JH III production, whereas fosmidomycin did not affect JH III levels, suggesting that JH III is solely biosynthesized through the MVA pathway. This conclusion was supported by [1-13 C]Glc labeling studies in which the molecular ion of JH III increased by 9 mass units (m/e ϭ 274). Furthermore, the mass fragmentogram revealed the presence of ions indicative of JH III biosynthesis through the MVA pathway.
In other plant species, there is increasing evidence of terpenoid biosynthesis through both MVA and MEP pathways. In chamomile, the third isoprene subunit of the sesquiterpenoid bisabololoxide A may be produced through either pathway (Adam and Zapp, 1998) . In the biosynthesis of DMNT in lima bean, inhibition of the MVA pathway by HMG-CoA reductase inhibitors results in biosynthetic compensation through the MEP pathway (Piel et al., 1998) . In accordance, either these two pathways coexist in the same compartment or there is limited transfer of isopentenyl subunits between the chloroplast and the cytoplasm (Lichtenthaler, 1999; Rohmer, 1999) . The full extent of this interchange has yet to be determined. Therefore, although enzyme inhibition and labeling studies strongly suggest that JH III is biosynthesized principally, if not exclusively, through the MVA pathway in C. iria, the possibility of intercompartmental exchange of isoprene units cannot be excluded. Only through [1-13 C]Glc feeding studies and metabolite analysis by 13 C-NMR spectroscopy can the unambiguous determination of the biosynthesis of the sesquiterpenoid skeleton be made. In the present work, such studies were not performed because C. iria cell suspension cultures did not provide sufficient quantities of JH III for analysis by NMR. Nonetheless, our results do conclusively demonstrate that the JH III biosynthesis in C. iria proceeds primarily through the cytoplasmic MVA pathway.
Characterization of the final steps of JH III biosynthesis in cell suspension cultures of C. iria was conducted through the use of enzyme inhibitors and precursor feeding studies. Putative biosynthetic precursors known to occur in the insect pathway were added to mevinolin-inhibited suspension cultures. MVA, farnesol, farnesal, farnesoic acid, and methyl farnesoate all rescued JH III production, suggesting that these compounds are intermediates in the biosynthesis of JH III in C. iria (Figs. 2 and 5) . Some of these putative biosynthetic precursors have been isolated from several Cyperus spp. as well as unrelated plants. (Iwamura et al., 1978a (Iwamura et al., , 1978b (Iwamura et al., , 1978c Iwamura, 1979; Toong et al., 1988; Kijjoa et al., 1990; Versini et al., 1994) . However, JH acid, an intermediate in some Lepidopteran insect species, was not incorporated into JH III. This may be attributable to the degradation of this highly unstable compound or its impermeability (Goodman and Adams, 1984) .
Although the phytohormone ABA previously was hypothesized to be biosynthetically derived through the MVA pathway, it has now been conclusively demonstrated in plants that ABA biosynthesis proceeds through the MEP pathway to form a C 40 carotenoid precursor that undergoes subsequent metabolism to generate ABA (Cutler and Krochko, 1999) . The substantial increase in JH III production after addition of farnesol, farnesal, farnesoic acid, and methyl farnesoate to mevinolin-inhibited cell suspension cultures strongly suggests that these compounds are authentic biosynthetic precursors to JH III and that it is unlikely that JH III biosynthesis proceeds through the cleavage of a larger terpenoid intermediate as in the case of ABA.
In Locusta migratoria, the final step in JH III biosynthesis, the epoxidation of the C10, C11 of methyl farnesoate, is catalyzed by an NADPH-dependent cytochrome P 450 monooxygenase, methyl farnesoatereduced flavoprotein: oxygen oxidoreductase (EC 1.14.14.-; Feyereisen et al., 1981) . Inhibition of JH III production by the general cytochrome P 450 inhibitor, miconazole, implies that a similar epoxidase may also be involved in the final steps of JH III biosynthesis in the plant. Addition of farnesol, farnesal, farnesoic acid (data not shown), and methyl farnesoate (Fig. 6) to miconazole-inhibited cell cultures did not rescue JH III production. Therefore, the reduction in JH III production by miconazole was the result of the specific inhibition of a monooxygenase in the later stages of JH III biosynthesis. Based on the results of these studies, we propose that the final steps of JH III biosynthesis are similar in plants and insects.
MATERIALS AND METHODS
Suspension Cultures
Suspension cultures were maintained on Schenk and Hildebrandt (SH) medium (Schenk and Hildebrandt, 1972) 
Extraction and RIA
SH suspension cells were collected by filtration and homogenized in pentane (HPLC grade, Burdick and Jackson, Muskegon, MI). The medium (100 mL) was extracted overnight with 50 mL of pentane. The organic phase was evaporated under vacuum in a rotary evaporator (Buchler Instruments, Lenexa, KS) to near dryness. The remainder of the solvent was evaporated under a gentle stream of nitrogen and resuspended in toluene for analysis by RIA (Bede et al., 2000) . The sensitivity limit of the RIA was approximately 65 pg (Goodman et al., 1990 ); samples below this detection limit were assumed not to contain JH III. As a control, SH medium alone was extracted and, as expected, JH III was not detected.
Enzyme Inhibition and Feeding Precursor Experiments
Inhibitors of the terpenoid pathways, either the HMGCoA reductase inhibitor, mevinolin (final concentration 50 m; Sigma; Bach et al., 1990) , or the DOXP reductoisomerase inhibitor, fosmidomycin (final concentration 0.5 mm; Toronto Research Chemicals, North York, ON; Kuzuyama et al., 1998; Zeidler et al., 1998; ) , were added to d-0 suspension cultures of C. iria. After 48 h, cells and media were filtered and extracted in pentane as described above and the JH III content determined by RIA.
In complementary experiments, MVA lactone (final concentration 5 mm; Sigma) or putative biosynthetic precursors (96% [w/v] pure farnesol, final concentration 0.77 mm, Aldrich, Milwaukee), farnesal (synthesized by a modification of Corey et al. [1968] ; Xiao and Prestwich, 1990; Bede et al., 2000; purity 83% [w/v] , final concentration 0.67 mm), farnesoic acid (gift of Dr. Mark Feldlaufer, U.S. Department of Agriculture, Beltsville, MD; purity 70% [w/v], final concentration 0.52 mm), methyl farnesoate (synthesized according to Latli and Prestwich [1991] ; Bede et al., 2000; purity 99% [w/v] , final concentration 0.70 mm), and JH acid (synthesized according to Goodman and Adams [1984] , final concentration 0.06 mm) were added to cultures 24 h after the addition of the MVA pathway inhibitor, mevinolin (final concentration 50 m). MVA lactone was pre-incubated with 10 mm NaOH for 2 h on ice prior to addition to the cell suspension cultures to generate the free acid. After an incubation period of 24 h, cultures were filtered, extracted, and analyzed for JH III production as described above. As controls, biosynthetic precursors were added to medium alone and to cell suspension cultures containing the cytochrome P 450 inhibitor miconazole (final concentration 12.5 m; Sigma). Twenty-four hours after treatment, samples were subjected to extraction and RIA analysis as described above.
Analysis of Carotenoids
To monitor the inhibition of the MEP pathway by fosmidomycin, carotenoid levels were measured spectrophotometrically (Lichtenthaler, 1987) . Suspension culture cells were homogenized in cold acetone (ACP Chemical Inc., St. Leonard, QB) in diffuse light. Centrifugation (450g ϫ 5 min, VWR Scientific, West Chester, PA) separated the organic phase from the cell debris. Chlorophyll (C a and C b ) and carotenoid (C x ϩ c ) levels were measured using an Ultraspectrophotometer 450 (LKB Biochrom, Cambridge, UK) and levels were determined using the following equations: 
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Glc Labeling Study C. iria suspension cultures were subcultured into standard SH medium containing [1-
13 C]Glc (0.3% [w/v], 99% isotopic abundance; Sigma) substituted for Suc. After 48 h, media and cells were extracted as outlined above and analyzed by gas chromatography-mass spectroscopy (Bede et al., 1999b; Teal et al., 2000) .
Inhibition of the Methyl Farnesoate-Reduced Flavoprotein: Oxygen Oxidoreductase
At the time of subculturing, general cytochrome P 450 inhibitors (ancymidol, final concentration 0.03 mm, Sigma; clotrimazole, final concentration 0.30 mm, Sigma; and miconazole, final concentration 1.0 mm) were added to C. iria cell suspension cultures. Two days after treatment, cells and media were extracted and analyzed for JH III. To further demonstrate the specificity of the cytochrome P 450 inhibitor miconazole for the putative plant methyl farnesoate reduced-flavoprotein: oxygen oxidoreductase, the experiment was repeated in the presence of the biosynthetic intermediate methyl farnesoate (final concentration 0.18 mm).
Statistics
Statistical analyses of the data were performed using SPSS 7.5. Statistical differences were determined by Student's t test or one-way analysis of variance followed by a Tukey's honestly significant difference mean-separation test.
